Nutritional restriction during growth can have short-and long-term effects on fitness; however, animals inhabiting uncertain environments may exhibit adaptations to cope with variation in food availability. We examined changes in body mass in free-ranging female caribou (Rangifer tarandus) by measuring mass at birth and at 4, 11, and 16 months of age to evaluate the relative importance of seasonal nutrition to growth, the persistence of cohort-specific variation in body mass through time, and compensatory growth of individuals. Relative mean body mass of cohorts did not persist through time. Compensatory growth of smaller individuals was not observed in summer; however, small calves exhibited more positive change in body mass than did large calves. Compensation occurred during periods of nutritional restriction (winter) rather than during periods of rapid growth (summer) thus differing from the conventional view of compensatory growth.
Nutritional restriction during late gestation and early development can have both short-and long-term effects on an individual's fitness (Lindstrom 1999; Lummaa and CluttonBrock 2002; Toigo et al. 1999) . Consequently, it is commonly accepted that below-average body mass at birth or during growth results in poor survival, delayed or substandard reproductive performance, smaller ultimate body size (CluttonBrock et al. 1982 (CluttonBrock et al. , 1987 Eloranta and Nieminen 1986; Forchhammer et al. 2001; Keech et al. 1999; Schultz and Johnson 1995) , or even intergenerational reductions in fitness ). This conceptual model implies a relatively constant growth environment, strong bottom-up limits to growth, and increases in fitness with larger body size regardless of age or environment (Gaillard et al. 2000) . These conditions may not prevail in populations subject to strong seasonal, stochastic, or top-down influences.
Debate regarding the relative importance of summer versus winter nutrition to ungulate populations is not a new, or resolved, issue (Mautz 1978) . For young caribou (Rangifer tarandus) most growth occurs in summer . At high latitudes, summers are short and variable with new growth of vegetation occurring in mid-to late May and senescence occurring as early as the beginning of August; the length of the growing season can vary widely (Adams and Dale 1998a) . Heat stress, insect harassment, and variation in forage quantity and quality contribute further to variability of summer foraging environments. Winters are punctuated by heavy windblown snows that dramatically affect foraging efficiency (Collins and Smith 1991) . Thus, young caribou experience a strongly seasonal and stochastic growth environment.
Contrasting with the hypothesis that small body mass reduces fitness is growing theoretical and empirical evidence that there are nonenergetic costs to growth (Arendt 1997) resulting in individual growth rates that are often submaximal and plastic. A range of growth patterns, and therefore intermediate body sizes during growth, may be adaptive at certain life-stages, under particular environmental conditions, or both (Case 1978; Yearsley et al. 2004) . Predation likely constitutes the best-documented cost associated with growth rate because foraging strategies that maximize intake often increase predation risk (Lima 1998; Lima and Dill 1990) .
Compensatory growth has been observed under experimental conditions (Verme 1963; Watkins et al. 1991; Wilson and Osborn 1960) and is thought to be an adaptation to dramatic fluctuations in food availability (Bjorndal et al. 2003; Broekhuizen et al. 1994) . Although there is sparse evidence for populations of wild ungulates (but see LeBlanc et al. 2001; Toigo et al. 1999) , compensatory growth is achieved by small individuals growing at increased rates following temporary nutritional restriction (Bjorndal et al. 2003) . The mechanisms for compensatory growth are not well understood, but hyperphagia is often implicated (O'Donavan 1984; Watkins et al. 1991) .
Understanding seasonal, stochastic, and compensatory effects on growth is important because these factors influence population dynamics. We assessed the persistence of cohort and individual variation in body mass through time, the relative contribution of seasonal performance to subsequent body size, and the importance of compensatory mechanisms to the growth of young female caribou.
MATERIALS AND METHODS
The Nelchina caribou herd currently numbers about 35,000 animals and ranges through south-central and eastern Alaska . We weighed 138 female neonates and 529 females 4-16 months of age during 1998 Nelchina caribou reached about 70% of their adult body size by 16 months, which is the minimum age of sexual maturity in Alaskan caribou (Adams and Dale 1998b) , although breeding at this age is rare in this population. The majority of the 4-, 11-, and 16-month measurements from 1999 to 2002 consisted of repeated measures on the same individuals. We did not mark neonates and they are therefore not represented in the repeated measures analyses.
We sampled birth mass each year on a single day near the historic median date of calving (22-25 May) using previously described methods (Adams et al. 1995; Sellers et al. 2003) . In previous studies most captured calves were ,2 days of age (Adams 2005) .
We weighed 4-month and older caribou during the 1st week of October and the 3rd week of April each year after darting them from helicopters (Adams et al. 1995) . Each capture period spanned approximately 5 days and coincided with autumn and spring migrations. Four-month-old females were fitted with radiocollars and surviving individuals were recaptured at 11 and 16 months of age. Additional 11-month-old animals were captured, weighed, and fitted with radiocollars to maintain sample sizes. We distributed captures of previously unmarked individuals based on the distribution of .100 radiocollared caribou to minimize any spatial bias. The methods used in this study conformed to guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ) and were approved by Alaska's Interagency Animal Care and Use Committee. For the 1999-2002 cohorts, these data included repeated measures of 71 individuals at 4, 11, and 16 months of age, 24 individuals at 4 and 11 months, and 16 individuals at 11 and 16 months.
Data analysis.-We used simple linear regressions to evaluate the persistence of variation in individual body mass and to determine the contribution of seasonal nutritional performance to subsequent body mass. To evaluate the potential for compensatory growth, we examined the regression slopes of starting mass on subsequent change in body mass during each season. A slope of À1 indicates full compensation. Slopes , 0 indicate partial compensation, and a slope of 0 indicates no compensation (Keech et al. 1999) , whereas slopes . 0 indicate some type of metabolic or foraging advantage for larger individuals.
RESULTS
Birth mass varied substantially among cohorts; however, the rank order of cohorts did not persist to subsequent ages (Fig. 1) . The 1998 cohort was heaviest at birth but those animals were well below average by 4 months whereas the 2 lightest cohorts at birth (2000 and 2001) became the 2 heaviest cohorts by 16 months. These 2 cohorts surpassed the others by robust growth during the summer of 2001. Mean change in body mass during the calves' 1st winter ranged from À6.6% to þ4.9% (Table 1) . However, overwinter change had relatively little influence on mass at 16 months because the 2001 cohort lost considerable mass but had entered the winter well above average. Also, the 1998 cohort gained mass over the winter but was below average at 16 months largely due to poor performance during its 2nd summer.
Repeated-measures analyses indicate that body mass of individuals at 11 months was largely a function of body mass at 4 months, indicating strong persistence of variation in body mass over winter ( Fig. 2a ; pooled cohorts, r 2 ¼ 0.67, P , 0.01). Accordingly, overwinter change in body mass had little influence on subsequent mass by the end of winter ( Fig. 2b ; pooled cohorts, r 2 ¼ 0.26, P , 0.01) with the exception of the 2002 cohort. Overwinter performance was partially compensatory as large individuals exhibited less favorable change in mass than small animals ( Fig. 2c; As with winter performance, body mass at age 11 months persisted through the summer ( Fig. 3a ; pooled cohorts, r 2 ¼ 0.37, P , 0.01). In contrast to overwinter nutritional performance, change in mass during the 2nd summer influenced subsequent body mass at 16 months of age in all years ( Fig. 3b ; pooled cohorts, r 2 ¼ 0.62, P , 0.01). Also contrary to patterns of overwinter weight change, significant compensation was not observed ( Fig. 3c; pooled cohorts, slope ¼ À0.13, r 2 ¼ 0.01, P ¼ 0.27). Most calves that were small (,average body mass) at 4 months of age did not attain the mass of larger members of their cohort by 16 months of age. Nevertheless, 19% (14 of 72) of those small individuals did attain aboveaverage size by 16 months.
Compensation over winter was apparent even on a proportional basis because larger calves lost a higher proportion of their body mass over winter (Fig. 4) .
DISCUSSION
We observed substantial variation in seasonal growth, especially in summer, for young female caribou. Light cohorts could surpass initially heavier cohorts (Table 1 ; Fig. 1 ). Mass at birth was inconsequential to subsequent body size of cohorts. Although predation rates on neonates in interior Alaskan caribou herds can be high, predators do not appear to prefer small individuals (Adams et al. 1995) probably because all are highly vulnerable (cf. Temple 1987) . Nonpredation neonatal mortality has been shown to be low in interior Alaskan herds (Adams et al. 1995; Valkenburg et al. 2004 ). Thus, low body mass at birth does not necessarily indicate reduced individual fitness or poor population performance in these herds. Variation in mean body mass at birth likely does not persist because of the comparatively large gains in body mass that accrue during the calves' 1st summer. Because calves gain about 40 kg of mass during their 1st summer, even relatively large differences in body mass at birth (usually about 1 kg) are easily obscured by minor changes in growth rates during summer. Similarly, change in body mass during winter had relatively little effect on nutritional status of cohorts at age 11 or 16 months because only the 1999 cohort changed rank during winter (Fig. 1) . In contrast, performance during summer resulted in rank changes of all cohorts, with 1999 again the exception. We propose that female caribou adopt a timeminimizing foraging strategy in winter that results in reduced energetic costs largely determined by body size and environmental conditions.
Although the cohort data set is potentially confounded by bias in body size of survivors, our hypothesis that an energy conservation foraging strategy reduces variation in body size in most winters is also supported by trends in performance of individual calves. Large calves lost more weight over winter than did small calves, a pattern consistent with that observed for male reindeer calves (Helle et al. 1987 ) and wapiti (Watkins et al. 1991 ) but contrary to that observed for moose (Cederlund et al. 1991) . Compensation was most apparent when nutritional restriction was severe (1999 and 2001 cohorts) , as evidenced by the poor performance of those cohorts (Table 1) . This trend can be at least partly explained by differences in higher metabolic maintenance costs for larger individuals, even though those costs are proportionately smaller (Kleiber 1947; Robbins 1993) . For young female caribou entering winter, a 5-kg (10% or 1 SD) increment in body mass requires about a 7% increase in metabolic maintenance costs (Robbins 1993) . This cost may be difficult to overcome under poor foraging conditions. Given equal forage intake, small calves may be able to continue to grow during some periods whereas larger animals are in negative energy balance. Moreover, we did not observe any evidence that large individuals could more efficiently compete for, or more efficiently use food resources in any cohort or season.
Whether relatively poor overwinter performance of large individuals constitutes compensatory growth of smaller individuals is largely a matter of definition. Compensatory growth is conventionally described as increased growth rates following the abatement of nutritional restriction (Bjorndal et al. 2003) . We observed decreased effects of nutritional restriction for smaller individuals that may more accurately be described as a compensatory conservation of resources. It is important to distinguish among compensatory mechanisms because the short-and long-term costs of that compensation will vary with the mechanism (Metcalfe and Monaghan 2001) . The fitness costs of metabolically based resource conservation may be small compared to fitness costs of conventional compensatory growth. Clearly, energy balance is more favorable for smaller individuals during these periods (Fig. 4) , resulting in less variation in body mass at end of winter. There may be developmental gains, such as organ or skeletal growth, in individuals with higher initial body mass that ultimately result in increased fitness (Metcalfe and Monaghan 2001) . It may be argued that with reduced maintenance costs, small individuals are better able to accrue such developmental gains than larger individuals with a more negative energy balance. Either way, examination of our data suggests that these gains may be small and overshadowed by nutritional performance during summer.
This pattern of compensation during periods of restriction may be a significant component in observations of compensation attributed to conventional compensatory growth. Had we not measured nutritional status following the restrictive conditions of winter, we might have concluded that conventional compensatory growth accounted for the observed compensation. Longitudinal data (e.g., length of horn segments) has been used to identify compensatory growth (Bjorndal et al. 2003; Toigo et al. 1999) ; however, those data may not be sufficient to identify whether the compensation occurred during periods of food abundance, periods of restriction, or transitions between those periods.
We observed no evidence of compensation or competitive advantage during the 2nd summer even though growth rates were highly variable (Fig. 3c) . Status at end of winter had relatively little influence on subsequent body size and no influence on growth during the subsequent summer (Fig. 3b) . This suggests that growth rates during summer were not at physiological maximums during summer but rather functions of the foraging environments. Complete relaxation of food restriction is thought to be requisite for compensatory growth (LeBlanc et al. 2001; Verme 1963 ) and foraging conditions may not be adequate for Nelchina caribou to exhibit compensatory growth during most summers.
